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result in good digestion. Bite force is related to the health of the masticatory muscles. Muscle
force is frequently affected by obesity in adolescence, however, little is known about how
obesity influences the maximum bite force and the difference between genders.
Methods: Five hundred and seventy-seven adolescent students (292 girls and 285 boys), aged
13e16 years, from central Taiwan were recruited for a cross-sectional study in 2009. The
maximum bite force, hand strength, triceps skin-fold fat thickness, serum level of testos-
terone, and body mass index (BMI) were measured. Dental health was evaluated based on
malocclusion and dental caries.
Results: Bite force in girls was highest in the obese group (32.49  19.13 kg, mean  standard
deviation), whereas in boys it was higher in the overweight group (41.89  19.3 kg) than in the
obese group (33.21  17.12 kg). The prevalence of obesity was twofold higher in boys (14.39%)
than in girls (7.88%). The mean serum level of testosterone increased with BMI in girls
(pZ 0.0172), whereas it decreased with BMI in boys (pZ 0.0014). The relationships of serum
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which may be due to the sensitivity to testosterone being modulated by the fat level.
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Bite force is an indicator of the functional state of the
masticatory system,1 because it strongly influences masti-
catory performance and dietary selection.2,3 Determinants
of the maximum bite force include age, gender,2 body size,
craniofacial morphology,4,5 the number of functional tooth
units,2 occlusion,6 and masseter muscle thickness.7 An
impaired masticatory performance due to decreased bite
force may result in unbalanced nutrition intake.
Childhood obesity has rapidly become a major public
health problem in the United States,8 and the prevalence of
being overweight in children across all ages, gender, racial
groups, and geographic boundaries has increased signifi-
cantly over the last 3 decades.9 The prevalence of obesity
was 4.3% among adolescents aged 12e19 years from 1976 to
1980, which increased to 18.4% from 2009 to 2010 in the
United States.10 Obese adolescents are more likely to
become obese adults, and hence they have an increased
risk of morbidity and mortality in adulthood.11 Moreover,
overweight and obese adolescents exhibit poorer perfor-
mance in health-related physical fitness than normal-
weight adolescents.12
Although many known factors can affect bite force, as
summarized above, there are also unknown biological,
behavioral, and social contributing factors.2 A study which
focused on older Japanese people revealed that being
overweight was significantly associated with lower bite
force,13 which indicated that bite force does not neces-
sarily increase with body weight. Overweight and obese
adolescents exhibit poorer performance in health-related
physical fitness than normal-weight adolescents.12 Previ-
ous studies have found that physical fitness is significantly
and positively correlated with bite force.14,15 Because
obese adolescents might have lower bite force, it is very
important to understand how obesity influences the
maximum bite force in this population. Moreover, the role
gender difference plays in the association between obesity
and bite force is less studied.
Our hypotheses include that obesity is associated with
bite force, and this association is different in the two
gender groups in adolescents. The purposes of this study
were to: (1) confirm whether obesity influences bite force;
(2) identify the mechanisms that might mediate this effect,
and (3) most importantly, determine whether the mecha-
nism differed between genders in adolescents.
Methods
Participants
The study was performed in the city of Taichung. Taichung
is located in the middle part of Taiwan and is the largestcity in central Taiwan. According to the Ministry of the
Interior, the demographic characteristics of Taichung were
similar to those of Taiwan. We selected a public junior high
school in North District of Taichung by purposive sampling,
and students from different socioeconomic levels were
chosen as a representative sample of general junior high
school students. The subject numbers of this study were
calculated according to Kamegai’s and Tsai’s studies.16,17
One half of the classes were randomly selected from the
school for this cross-sectional study. As a result, 577 ado-
lescents (292 girls and 285 boys, aged 13e16 years) were
recruited from January 2009 to October 2009. The inclusion
criteria were as follows: (1) understanding the study pro-
cedure; (2) providing consent to participate; (3) absence of
systemic diseases; and (4) undergo various physical exam-
inations/perform. The exclusion criteria included: (1)
active orthodontic treatment; and (2) a high probability of
dental damage when measuring the maximum bite force.
The examination was performed in the auditorium of the
school.
The Institutional Review Board of the China Medical
University Hospital approved this study (approval no.
DMR96-IRB-183), and written informed consent was ob-
tained from each participant prior to his or her
participation.
Anthropometric measurements
The collected anthropometric data included height,
weight, and triceps skin-fold fat thickness. All measure-
ments were made by well-trained examiners following
standardized techniques using accurate equipment.
Height was measured using a stadiometer to the nearest
0.1 cm, and weight was measured using an electronic scale
in kilograms. The triceps skin-fold fat thickness was used to
estimate the total body fat, and was measured using Lange
skin-fold calipers (Beta Technology Incorporated, Cam-
bridge, MD, USA). Body mass index (BMI) is the most
frequently used measure of obesity in children, and based
on its values the children were categorized into under-
weight, normal weight, overweight, and obese groups, ac-
cording to the cutoff values defined by the Department of
Health, Taiwan. Body mass index categorization differed
according to age and gender (Table 2).
Maximum bite force
Bite force was measured by a well-trained pediatric dentist
using a portable GM10 occlusal force meter (Nagano Keiki,
Tokyo, Japan). The sensor of the occlusal force meter was
inserted into the first-molar area and the participant was
requested to bite as hard as possible, with the measure-
ment made on both sides. The sensor was protected with a
Table 1 Selected characteristics by gender.
Variable Girls Boys p
Age (y) n Z 292 13.60  0.98 n Z 285 13.55  1.04 0.7126
BMI (kg/m2) n Z 292 20.46  3.27 n Z 285 21.09  3.95 0.0365
Underweighta 77 (26.37) 81 (28.42) 0.0123
Normal weighta 154 (52.74) 117 (41.05)
Overweighta 38 (13.01) 46 (16.14)
Obesea 23 (7.88) 41 (14.39)
Bite force (kg) n Z 283 25.23  13.85 n Z 279 34.53  18.02 <0.0001
Hand strength (kg) n Z 292 24.08  4.17 n Z 284 32.76  7.18 <0.0001
Waistline (cm) n Z 292 69.78  8.58 n Z 285 74.42  9.99 <0.0001
Subcutaneous fat (mm) n Z 292 20.30  4.52 n Z 284 17.52  5.39 <0.0001
Testosterone (ng/mL) n Z 290 0.45  0.21 n Z 282 4.63  1.79 <0.0001
The number of dental caries n Z 291 1.10  1.73 n Z 285 1.00  1.59 0.4722
Malocclusion
Yes 111 (38.01) 104 (36.49) 0.7053
No 181 (61.99) 181 (63.51)
Data are presented as mean  SD or n (%).
BMI Z body mass index; SD Z standard deviation.
a The cutoff points for categorizing the BMI groups were different according to gender and age (see Table 2).
Table 2 Body mass index cutoff points for overweight and
obese boys and girls by age.
Age (y) Boys Girls
Overweight Obese Overweight Obese
10 20.3 22.9 20.1 22.3
11 21 23.5 20.9 23.1
12 21.5 24.2 21.6 23.9
13 22.2 24.8 22.2 24.6
14 22.7 25.2 22.7 25.1
15 23.1 25.5 22.7 25.3
16 23.4 25.6 22.7 25.3
406 K.-T. Sun et al.disposable pocket. During the measurement, the partici-
pant was in a standing position with a relaxed head posture,
with the Frankfort horizontal plane being approximately
parallel to the floor. Each bite-force measurement was
made twice, with a 2-minute rest between each bite, and
the largest value was selected as the maximum bite force.
The maximum bite forces on the left and right sides were
averaged for analysis.
Hand strength
Hand strength was measured using a calibrated Smedley
hand dynamometer (Yagami Co., Nagoya, Japan). The
participants were requested to stand straight and hold the
meter as tightly as possible with both hands. Experienced
nurses collected the data. The average values on the left
and right sides were recorded for analysis.
Oral examination
One well-trained senior pediatric dentist performed oral
examinations in all participants. The instruments included
a disposable mouth mirror and a probe under artificial light.
The oral examinations included evaluation of the dental
caries and malocclusion status. The dental caries status was
evaluated based on the total number of teeth and the
decayed, missing, and filled teeth index, and the presence
of malocclusion was evaluated based on the first-molar
relationship according to Angle’s classifications (Classes
IeIII).
Collection of blood sample
A physician used a standard procedure to collect a 5-mL
blood sample from each participant. The serum testos-
terone level was determined by the physician using stan-
dard laboratory techniques.Data analysis
Mean and standard deviation values were calculated for
continuous variables, and proportions were calculated for
categorical variables. Differences in continuous and cate-
gorical variables between genders were compared with a t
test or a chi-square test as appropriate. The association be-
tweencategorical variables andbite forcewasanalyzedusing
analysis of variance as well as Tukey’s multiple-comparison
test for pairwise differences between groups. Pearson’s
correlation coefficientswereused to assess the association of
continuous variables with bite force. Observations with
missing information were excluded from the corresponding
analysis. All analyseswere conducted using SAS v9.3 software
(SAS Institute Inc., Cary, NC, USA). Statistical significancewas
set at p < 0.05 based on two-sided tests.
Results
Participant characteristics
Tables 1 and 2 list selected characteristics of the partici-
pants according to gender. All participants were
Figure 1 Distribution of bite force for the four BMI groups by gender: (A) girls and (B) boys. BMI Z body mass index.
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two gender groups (13.6  1.0 years).
Distributions of the four BMI groups differed between
boys and girls (p Z 0.0123), as indicated in Table 1. The
prevalence of obesity was twofold higher in boys (14.39%)
than in girls (7.88%), with the BMI being higher in boys
(21.09  3.95 kg/m2) than in girls (20.46  3.27 kg/m2,
pZ 0.0365). Some observations were missing from the data
collected on bite force (n Z 15), hand strength (n Z 1),
subcutaneous fat (n Z 1), testosterone level (n Z 5), and
dental caries (nZ 1), therefore, those data were excluded
from the corresponding analysis. Some observations were
significantly higher in boys (p < 0.0001), whereas the mean
amount of subcutaneous fat was higher in girls (p < 0.0001).
However, the presence of dental caries and malocclusion
did not differ significantly between genders.
Maximum bite force and associated factors
The mean bite force differed among the four BMI groups in
both girls and boys (p Z 0.0200 and p Z 0.002,Figure 2 Correlation between bite force and obese-related me
strength) by gender: (A) girls and (B) boys.respectively; Figure 1), their patterns differing with
gender. The maximum bite force increased monotonically
with BMI in girls, being highest in the obese group
(32.49  19.13 kg). By contrast, the mean bite force in boys
was higher in the overweight group (41.89  19.30 kg) than
in the obese group (33.21  17.11 kg). Using Tukey’s
multiple-comparison tests, the mean bite force was
significantly different between the obese and underweight
groups in girls, and between the over- and underweight
groups in boys.
Figure 2 presents the correlations between bite force
and some continuous measurements. The amount of sub-
cutaneous fat and testosterone were not linearly associated
with bite force in either gender group (p Z 0.9469 and
0.1118 for subcutaneous fat and pZ 0.0808 and 0.2056 for
testosterone in girls and boys, respectively), whereas
waistline (p Z 0.0426 and 0.0005 in girls and boys,
respectively) and hand strength (p < 0.0001 in both gender
groups) were significantly and positively correlated with
bite force in both gender groups. However, the linear cor-
relation was not strong, with the highest Pearson’sasures (subcutaneous fat, waistline, testosterone, and hand
Figure 3 Distribution of testosterone in the four BMI groups by gender: (A) girls and (B) boys. BMI Z body mass index.
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strength and bite force in boys.
The mean maximum bite force did not differ with the
malocclusion status for both girls and boys (pZ 0.9661 and
pZ 0.7434, respectively). The number of dental caries was
significantly and negatively correlated with the maximum
bite force in boys (r Z 0.16, p Z 0.0074) but not in girls
(r Z 0.04, p Z 0.5362).
Serum testosterone and BMI
The serum level of testosterone increased with BMI in girls,
as shown in Figure 3, being 0.40  0.18 ng/mL,
0.44  0.19 ng/mL, 0.48  0.49 ng/mL, and 0.54  0.34 ng/
mL in the underweight, normal-weight, overweight, and
obese groups, respectively. The difference in the mean
testosterone levels was significant across the four BMI
groups (pZ 0.0172). The mean testosterone levels differed
significantly between the obese and underweight girls after
considering multiple comparisons. As expected, the mean
serum level of testosterone decreased as BMI increased in
boys (p Z 0.0014), being lowest in obese boys, which
differed from those in underweight and normal-weight
boys. The relationships of serum testosterone level and
bite force with BMI were similar in the two gender groups.
Discussion
The present study found that the impact of obesity on bite
force in adolescents differs between genders. Bite force
was significantly lower in obese boys but higher in obese
girls. A similar pattern was observed for the serum level of
testosterone.
Muscle forces can be influenced by many well-known
factors such as age and gender, but there are still some
factors (such as obesity) that are worthy of discussion.
Obesity affects the muscle force through multiple mecha-
nisms. The secretion profiles of adipokines and inflammatory
markers as well as the degree of lipolysis increase in obesity,
resulting in elevated levels of free fatty acids, which in turn
are distributed into skeletal muscle.14 Obesity also changesvarious aspects of the function and structure of skeletal
muscle, including metabolism, muscle fiber type, the
numbers and function of mitochondria, and capillary density
and recruitment, thereby inducing remodeling of skeletal
muscle.18 We demonstrated that bite force decreased in
obese boys. Similar to our study, Nikolaidis19 found that local
muscular endurance is inversely correlated with body fat
percentage among male soccer players aged 16e18 years.
In addition, muscle strength and mass may be affected
by hormones such as androgens.20,21 Testosterone exerts
direct anabolic effects on skeletal muscle, indicating that it
can increase muscle size, strength, and power.22 Testos-
terone supplementation in older men with mobility limita-
tions can improve muscle strength and physical function.23
In our study, the serum level of testosterone in the obese
group was significantly lower than that in the underweight
and normal groups in boys, which is consistent with the
pattern of bite force. However, the serum level of testos-
terone, bite force, and hand strength were significantly
higher in obese girls than in other female groups. It has
been reported that obese women have higher total and free
testosterone levels,24 a greater muscle strength,20 and an
increased regional muscle mass25 compared with normal-
weight women. The muscle size in women with polycystic
ovary syndrome was also found to be positively correlated
with higher serum testosterone levels and fat distribution in
the upper body.26 Particularly, muscle force could be
regulated by obesity via the impaction of androgen. The
serum level of testosterone is strongly inversely correlated
with BMI in men, but significantly positively correlated with
BMI in women.22 These opposing trends were also observed
in the present study. Obese men have low total testos-
terone, free testosterone, and sex-hormone-binding glob-
ulin levels.27e29 Obesity causes hypotestosteronemia by
increasing aromatization and converting testosterone into
estradiol in the adipose tissue in men,22 which reduces the
serum level of testosterone. Because testosterone in-
creases muscle mass and strength, the decreased serum
level of testosterone in obese males will decrease their
muscle power. By contrast, obesity in females decreases
sex-hormone-binding globulin, which will increase free
testosterone. In addition, obesity increases insulin
Bite-force difference among obese adolescents 409resistance and stimulates the secretion of insulin, which in
turn induces the ovary to secrete testosterone.30 Obesity
affects muscle force through the regulation of testos-
terone, therefore, bite force could be influenced under the
same mechanism.
The relationship between masticatory performance and
bite force is very important, because decreased bite force
may result in a preference for soft foodstuffs and a
reduction in chewing.3 These changes in eating habit will,
in turn, gradually weaken the masticatory performance and
bite force, potentially leading to a vicious circle. By
contrast, individuals with increased bite force can choose
harder foodstuffs, which in turn increase the bite force.31
Maintaining normal bite force is especially important for
adolescents due to their elevated nutritional requirements.
This study was subject to some limitations. It had a
cross-sectional rather than a longitudinal design, and a
long-term follow up is necessary to fully understand the
impact of obesity on bite force in adolescents. Moreover,
bite force results from a highly complex interplay of direct
and indirect effects, and this study did not perform mea-
surements of certain relevant parameters such as the
masseter muscle cross-sectional area and regional fat-to-
muscle ratios. Such measurements would help clarify the
relationships between obesity and testosterone level that
influence bite force. Although we selected a representative
sample for the present study, generalization of study re-
sults was limited as some important confounders were not
available.
The results of this study indicate that bite force de-
creases in obese boys but increases in obese girls, which
may be due to the sensitivity to testosterone being modu-
lated by the fat level. Future studies should attempt to
validate these findings.Acknowledgments
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